Introduction
Use of a real-time continuous glucose monitoring system (CGMS) in the outpatient setting is now generally accepted as common practice for improving glucose control by detecting abnormal glucose excursions in patients of all ages with type 1 and 2 diabetes mellitus (DM), including pregnant women. [1] [2] [3] In addition to improved glucose control, CGMS with high and low alarms have been very beneficial in preventing hypoglycemia in children. 4, 5 This is even more critical in people who experience nocturnal hypoglycemia and in individuals with hypoglycemia unawareness. However, studies of the utility of a CGMS in the hospital setting are limited. [6] [7] [8] [9] In these studies, the greatest utility of a CGMS has been for perioperative surgical monitoring of stable diabetic patients; yet there are many concerns about its use in the unstable critically ill. 8 Hyperglycemia is a commonly observed problem in critically ill hospitalized patients, even in individuals without a previous history of diabetes mellitus. 10, 11 An elevated glucose level upon admission to a hospital is an important indicator of illness severity and risk for death, particularly in persons with no previous history of diabetes. In addition, mortality increases as the mean glucose level increases. 10 Although the molecular mechanisms responsible for increased mortality and morbidity are only conjectural, they include cellular hypoxia and endothelial damage, leading to cytopathic death. Clinically, hyperglycemia is thought to result in an increased susceptibility to infection, critical-illness polyneuropathy, increased coronary artery events, and renal failure. 12 Multiple clinical trials have indicated that intensive glucose control in the intensive care unit (ICU) is associated with decreased morbidity and mortality and in improved outcomes compared to individuals with less stringent glucose control. 13, 14 However, publication of the Normoglycemia in Intensive Care Evaluation-Survival Using Glucose Algorithm Regulation trial 15 demonstrated increased mortality in patients targeted to glucose levels of 81-108 mg/dl compared to those treated to target glucose levels <180 mg/dl. Further, this trial showed an increased frequency of insulin-induced hypoglycemia in the intensively treated subset of patients in the ICU. This may be responsible for the increased mortality in that group and has led to concern over what actually are optimal glucose target levels in critically ill patients or even different clinical illnesses. 16 In order to attain and maintain tight glucose control in the hospital setting, an accurate and practical bedside glucose monitoring method is necessary. This should be accompanied by clinical pathways that are understood and followed by the nursing staff. Use of computerized algorithms may be beneficial in this regard and have been shown to reduce the frequency of hypoglycemia. [17] [18] [19] Intensive glucose control requires frequent (usually hourly) venous or finger stick blood sugar (FSBS) glucose determinations, which can cause patient discomfort and increases the workload on nurses and other hospital personnel. 20 Use of a CGMS to monitor interstitial glucose levels in hospitalized patients offers the potential to determine glucose levels every 5 minutes with less patient discomfort and a reduced nurse workload. Increased frequent monitoring by a CGMS with high/low alarms would also allow detection of upward or downward trends in glucose levels earlier than conventional hourly monitoring, thereby reducing the risk of insulin-induced hypoglycemia in these critically ill patients.
The Medtronic Guardian ® REAL-Time CGMS is currently approved by the Federal Drug Enforcement Agency for monitoring glycemic trends in an outpatient setting. There have been limited clinical trials of CGMS in the hospital setting. [6] [7] [8] [9] Use of a CGMS in a hospital setting demonstrated utility in monitoring patients undergoing surgical procedures. 7, 21 However, in community hospitals, this technology has had limited use. There are major concerns about the physiologic delay between venous glucose levels and interstitial tissue glucose levels 22 and the time delay between sensor insertion and the availability of accurate CGMS data. 23 This is especially true in the ICU/coronary care unit (CCU) setting with critically ill patients who have rapidly changing glucose levels.
The purpose of this study was to determine if the Medtronic Guardian REAL-Time CGMS was accurate, safe, and tolerated by patients and hospital staff in a rural hospital ICU unit. This study also assessed patient and nurse satisfaction with use of the CGMS in this setting with regard to tolerability and workload.
Methods

Subject Recruitment
Subjects between the ages of 18 and 99 were recruited from a six-bed ICU in a rural community hospital. Daily rounds were conducted every morning in the ICU to find potential candidates for the study. Inclusion criteria were a FSBS or serum glucose level greater than 150 mg/dl and an ability to give informed consent. Exclusion criteria included any person who was unable to give consent, patients with coagulopathies, or current use of anticoagulants such as warfarin, heparin, or enoxaparin. This study was approved by the Ohio University and Hospital Institutional Review Board.
Data Collection Methods
A Medtronic MiniMed ® glucose electrode was inserted subcutaneously into the patient's lower abdomen 2 inches from the umbilicus. After electrode insertion, at least 5 minutes was allowed before the MiniLink™ REAL-Time transmitter was connected to the sensor, allowing time for the electrode to be wetted properly by interstitial fluid. After a 2-hour initialization period, a nurse was instructed to conduct a FSBG measurement and to enter it into the CGMS for the first calibration. The FSBG reading needed to be within the 40-to 400-mg/dl range for calibration to be successful. After the initial calibration, the device was calibrated before breakfast, lunch, and dinner throughout the duration the patient wore the sensor. If the patient was not eating, the FSBG was determined at 8 am, noon, and 5:30 pm. The monitor was positioned by the patient's bedside and received data every 5 minutes from the transmitter. Nursing staff logged CGMS blood glucose values next to the FSBS on the bedside flow sheet every time a FSBS was completed. Finger stick blood glucose measurements were performed using a Roche ® Accu-Chek Inform. Subjects in the ICU were treated with insulin protocols established by the hospital and as directed by their physician. The study was designed so that no clinical action was to be taken from glucose data produced by the CGMS during this study. If an alarm occurred in the study, the glucose value was confirmed by a FSBG reading. The glucose electrode was used for up to 3 days or throughout the duration of the ICU stay (whichever came first) or if there was a problem with the sensor itself and it was deemed medically necessary for the principal investigator to remove it.
Data Analysis
Continuous glucose monitoring system devices were downloaded using the Medtronic ComLink™, which sent data from the Guardian REAL-Time CGMS to the Medtronic CareLink™ therapy software via a serial port and cable. This study included the data table, the quick view summary, and the sensor daily overlay to review measurements collected by the CGMS. These reports were used to validate information such as calibration frequency, timing of FSBG, and concurrent CGMS values recorded by nursing staff on the bedside chart.
Differences between individual FSBG and CGMS values
were evaluated to determine the accuracy of the CGMS. An Accu-Chek glucose meter FSBG was used as the glucose standard instead of venipuncture or arterial draw to evaluate the accuracy of the CGMS. This decision was made because point-of-care glucose meter data are typically the method hourly blood glucose levels are monitored in routine clinical care. Comparisons between FSBG and CGMS values were used to determine the accuracy of the CGMS in this study. Percentage error was calculated to assess the accuracy of the CGMS device. The initial FSBG used for calibration of the CGMS was not included in accuracy determination data. Current International Organization for Standardization (ISO) criteria used by glucose meter manufacturers to gain regulatory approval require that 95% of glucose values measured by the meter fall within 15 mg/dl (0.83 mmol/liter) of the manufacturer's reference method for glucose concentrations <75 mg/dl (<4.2 mmol/liter) or within 20% for glucose concentrations >75 mg/dl (>4.2 mmol/dl). [24] [25] [26] These values were also compared to the 5% standard recommended by the American Diabetes Association (ADA). 26 The accuracy of the CGMS was also evaluated over four different FSBG rangesless than 75 mg/dl (low), 75-140 mg/dl (normal), 140-200 mg/dl (high normal), and greater than 200 mg/dl (high)-to determine if there were differences in accuracy at various glucose concentrations. Other accuracy measures or indicators, such as mean absolute deviation (MAD), mean relative absolute deviation (MRAD), and linear regression coefficient of CGMS on FSBG, were calculated. Rates of change in reference glucose, FSBG, and average 6-hour FSBG were calculated for diabetic ketoacidosis (DKA) patients as well as non-DKA patients.
Results
Cohort Description
Forty-one patients participated in this study between February 26, 2008 (1), hypertensive urgency (1), congestive heart failure (1), delirium tremens (1), pneumonia (1), septicemia (1), and malignant breast cancer (1) . Fifteen patients were female (51.7%). Of the 29 patients, 28 were white (96.6%) and 1 was black (3.4%). The participants' age ranged from 19 to 85 years (mean age of 44). The body mass index (BMI) ranged from 17.0 to 46 kg/m 2 , and the mean BMI was 25.8 kg/m 2 . None of the patients were on pressor support or mechanically ventilated. None of the patients in this trial were surgical patients, although perioperative patients were eligible.
Patient Characteristics
Data were analyzed further to determine if patient characteristics ( Table 1) were a predictor of accuracy of the CGMS. Cross-tabulations of gender, diabetes status (no diabetes, type 1 or 2), and accuracy criteria (5 and 20% of the FSBG value) revealed no statistically significant associations. Using the nonparametric Mann-Whitney U test, BMI did not have any statistical significant relationship with accuracy. For 5% ADA criteria, there was no accuracy (Mann-Whitney U = 80.0, p = 0.637), and there was no relationship for 20% ISO criteria (Mann-Whitney U = 74.0, p = 0.878). There were no statistically significant differences between DKA and non-DKA patients with regard to the rate of change in reference glucose, FSBG (Mann-Whitney U = 51, p = 0.591), and average FSBG over 6 hours (Mann-Whitney U = 55, p = 0.776).
Finger Stick Blood Glucose and CGMS Measurements
Continuous glucose monitoring system and FSBG measurements were compared to evaluate the accuracy of CGMS based on the reference standard of ISO standardization and ADA recommendations ( Table 2) . In this study, a total of 320 FSBG readings were collected that had corresponding CGMS readings. Using ISO standardization for a glucometer, 213 out of 320 readings (66.6%) were found to be accurate with values above 75 mg/dl falling within 20% of the correlating FSBG and values below 75 mg/dl falling within 15 mg/dl of the FSBG. However, only 70 out of 320 readings (21.9%) had values falling within 5% of the associated FSBG, which are the current ADA recommendations.
The accuracy of the CGMS was also evaluated within specific blood glucose ranges: less than 75 mg/dl (low), 75-140 mg/dl (normal), 140-200 mg/dl (high normal), and greater than 200 mg/dl (high). The frequency of FSBG values that fell within each range is illustrated in Table 3 , as well as the number of associated CGMS readings that fell within ADA and ISO recommended standards. Twelve values were in the less than 75-mg/dl range, comprising 3.7% of total study values. One of 12 ( Regarding the other accuracy measures, MAD was 28.3 mg/dl, MRAD was 17.4%, and the linear regression coefficient of CGMS on FSBG was 0.834 (p < 0.001). When applying this to the Clarke error grid, the majority of readings fell into Clarke A zone (accurate) or Clarke B zone (clinically acceptable) 27 (See Figure 1) .
Calibration
There were a total of 187 opportunities for calibration at the determined breakfast, lunch, and dinner schedules. Out of these, only 24 (12.8%) were missed. The calibration missed most often was the predinner time. In addition, nurses did an additional 122 calibrations that were not scheduled. The reason these calibration were added most often was sensor alarm for a "weak signal." 
Technical Difficulties
Several technical issues ( Table 4 ) were encountered during this study utilizing the Guardian REAL-Time CGMS in the ICU/CCU setting. A very high failure rate of sensors was observed when they were initially inserted, along with frequent "calibration errors." A "lost sensor" alert was the most frequent problem encountered. This happened when the monitor did not receive a signal from the transmitter and was caused by either an improper connection between the transmitter and the sensor or an insufficient "wetting" of the sensor by interstitial fluid before the transmitter was connected and calibrated. At the beginning of the study we only waited 5-10 minutes between insertion of the sensor and connection to the transmitter as per the manufacturer's instruction. The manufacturer subsequently recommended waiting 30-60 minutes after sensor insertion before connecting the transmitter in order to allow proper "wetting" by interstitial fluid.
"Calibration errors" were also encountered frequently in this study. This was again seen most frequently at initiation of the CGMS when the patients' FSBG levels were most unstable. Often the Guardian REAL-Time CGMS would not accept the initial calibration glucose value for up to an hour after initial insertion. It was also observed that other electronic devices used in an intensive care unit, including cell phones that transmit in the same frequency band used by the MiniLink transmitter, could interfere with the monitor receiving glucose information sent by the transmitter.
Patient and Nurse Surveys
Fourteen patients and 13 nurse surveys were completed during the course of this study. Patient and nurse feedback on their perspectives of the CGMS in the ICU are listed in Table 5 . In general, the device was comfortable (92.8%) and patients were confident in the accuracy of the device (85.7%). Eighty-six percent of patients had a good impression of the device, and nearly 93% recommended use of the device for future admissions.
Two-thirds of nurses had a positive overall impression (69.2%) and recommended future use of the CGMS (69.3%). Sixty-one percent would like to have the device if they were a patient. However, less than half (43.9%) felt that this would decrease their workload, and only 53.8% were confident in the accuracy of the device.
Discussion
Clinical use of an interstitial CGMS to guide potential changes in insulin doses in unstable, critically ill patients is not reliable or accurate enough at the present time.
Major factors limiting the reliability of interstitial CGMS in the hospital setting are (1) physiological delay or lag time between acute changes in blood glucose levels and interstitial fluid glucose levels; (2) delay between electrode insertion, adequate "wetting," and time to calibration prior to clinical use; and (3) finally the accuracy/reliability of the sensor technology itself.
In the few studies performed to determine the physiological delay between either venous or FSBG, glucose levels and interstitial glucose levels have ranged between 8 and 15 minutes 22, 27 and were done in an outpatient setting. Many studies utilized venous glucose readings as a comparison to CGMS. However, in clinical care, capillary blood testing is used more frequently for point-of-care monitoring. The physiologic delay between changes in blood glucose and interstitial glucose would be expected to be more pronounced in a hospital setting, especially in critically ill patients. This may be particularly true in this population in which nearly two-thirds of the participants had DKA. 28 The MAD of the CGMS as an outpatient was 16.38 mg/dl and the MARD was 15.2%. 29 Our MAD was significantly different, which may be reflected in the overall condition and level of hydration of patients in this trial.
Despite these difficulties, monitoring of an interstitial CGMS could be useful in a hospital setting to detect rapidly changing trends in glucose levels (upward or downward) in patients on insulin infusion pathways. Alarms available with the Guardian REAL-Time CGMS and the Medtronic CareLink can be transmitted easily to a central nursing station for monitoring similar cardiac telemetry units, reducing staff nurse workload, alerting staff of rapid changes in glucose levels, and increasing safety dramatically. It has been suggested that the trends on glucose change are more important than individual snapshots in time, 29 and we may need to redefine how CGMS data can be interpreted in unstable patients.
Several technical issues were encountered during this study utilizing the Guardian REAL-Time CGMS in the ICU/CCU setting. We observed a very high failure rate of the sensors when they were initially inserted and frequent "calibration errors." This may be improved with longer times for "wetting" of the sensor. Previous studies have seen sensor failure or malfunction rates of 17-18%. 6, 30 We are learning from personal experience in outpatient settings that allowing more time between sensor insertion and initial calibration (even up to 6 hours) reduces the number of "lost sensors" and increases the accuracy of the electrodes as well (unpublished observations). "Calibration errors" were most frequent at initiation of the CGMS when the patients' FSBG levels were most unstable. Diabetic ketoacidosis was the principal diagnosis in this study, with an average glucose level of 400 mg/dl on admission, which further complicated electrode calibrations. Calibration should occur regularly at steady intervals and during times of stable glucose. If the three FSBG values were not entered into the CGMS monitor daily, the monitor was not calibrated properly, which affected the accuracy of sensor data and this again contributed to calibrations errors and reduced accuracy of the CGMS during the study.
We also observed that other electronic devices used in an intensive care, including cell phones that transmit in the same frequency band used by the MiniLink transmitter, could interfere with the monitor receiving glucose information sent by the transmitter. Consequently, the manufacturer suggested that cellular phones should be at least 12 inches from the transmitter or receiving device while it is being used. However, this has not been reported in other studies.
The CGMS is well tolerated by patients within the ICU, but the practicality of the CGMS for the ICU staff to operate must be taken into consideration. Use of a CGMS may reduce staff workload when this technology is fully implemented. However, there was increased workload placed on nurses during this trial. System errors due to improper calibration or technical difficulties can be prevented with more thorough training and increased experience of staff, which could potentially improve the performance of the CGMS in the ICU.
Conclusion
This study demonstrated that the Medtronic Guardian REAL-Time CGMS has potential application in the ICU setting. At present, the time delay between time of sensor insertion and delivery of accurate interstitial glucose levels precludes its use in the acute setting with unstable diabetic patients, especially in patients with DKA. We envision that the most immediate use for a CGMS would be in chronic monitoring of stable ICU patients. Further studies should explore protocols for ensuring proper "wetting" of electrodes at initial insertion and improving their accuracy so that they could be used in an unstable ICU setting.
